Bacteriophages are viral parasites of bacteria first recognized early in the 20th century (8, 13) . While virion particles are capable of independent existence outside the host, all bacteriophages are obligate intracellular parasites and must enter a host bacterium to replicate. Studies of bacteriophage infection have revealed that the process is initiated when the virion interacts with host cell surface receptor molecules (14) . Many bacteriophages are known to be highly specific for their receptors and show little or no interaction with receptors with an even slightly different structure. This specificity forms the basis of numerous phage typing methods for the identification of bacterial species or subspecies (37) .
In contrast, it is clear that some bacteriophages do productively infect a range of bacterial species. Of these broad-hostrange phages, P1 and Mu are the best studied. Bacteriophage P1 is a generalized transducing virus capable of plaque formation on several enteric species in addition to Escherichia coli (40) , while bacteriophage Mu produces progeny virions capable of adsorption to and plaque production on different bacterial species (12) due to the differential orientation of the invertible viral G segment region (12, 36) . Bacteriophages able to interact with a wide range of host species would be significant in the control of the composition and genetic diversity of microbial communities as well as the processes of transductional gene exchange and the transfer of antibiotic resistance genes through those communities. The prevalence of broadhost-range phages relates to the origin of virus particles which compose such a large percentage of the dissolved organic carbon in marine ecosystems (3, 9, 35) and which are present in very large numbers in other ecosystems as well (15, 22, 26) .
Surprisingly, systematic studies of broad-host-range interactions of bacteriophages and of the relative frequencies with which such bacteriophages may be isolated are lacking. Two important questions concern the relative frequencies with which bacteriophages exhibiting a wide host range may be isolated from nature and the percentages of broad-host-range phages that can be identified in existing virus collections.
To address the question of the distribution of broad-hostrange bacteriophages, we examined several independent phage collections. The first was obtained in the 1970s from sewage treatment plants with Sphaerotilus natans as a host, while the others were recently obtained from a freshwater pond and sewage with Pseudomonas aeruginosa and E. coli as hosts. The experiments demonstrated that broad-host-range bacteriophages are readily isolated from aquatic environments and that some of these bacteriophages are capable of generalized transduction. During the course of this study, we observed that the frequency with which broad-host-range bacteriophages are isolated is increased by the use of isolation protocols that include two bacterial host species for enrichments rather than one.
MATERIALS AND METHODS
Bacteria and bacteriophages. Bacterial strains used for bacteriophage propagation and titration were E. coli AB1157 (5), P. aeruginosa PAO1, PAO303, and OT684 (32) , and S. natans ATCC 13338 from the American Type Culture Collection (Rockville, Md.). Bacteriophages used in this study are described in Table 1 . Following their isolation 18 to 26 years ago, bacteriophages SN-1, SN-2, SN-X, and SN-T were stored undisturbed in sealed containers until their use in this study. Bacteriophage lysates were produced by modifications of the soft-agar overlay method (1) .
Media. Medium components were obtained from Difco (Detroit, Mich.). Luria broth contained 1% (wt/vol) tryptone, 1% (wt/vol) NaCl, and 0.5% (wt/vol) yeast extract. Luria agar contained Luria broth with the addition of 1.3% (wt/vol) agar. Lambda top agar contained 1% (wt/vol) tryptone, 0.5% (wt/vol) NaCl, and 0.65% (wt/vol) agar. TGY medium, containing 1% tryptone, 1% glycerol, and 0.2% yeast extract (39) , was used for the propagation of all S. natans hosts and bacteriophages. TGY agar contained TGY medium and 1.3% (wt/vol) agar, and TGY top agar contained TGY medium and 0.65% (wt/vol) agar. TMN buffer contained 10 mM Tris-HCl (pH 7.4), 10 mM MgSO 4 , and 150 mM NaCl. Because S. natans is sensitive to inhibition by sodium ions (39), a 0.5% (wt/vol) tryptone solution was used as a diluent for all S. natans bacteriophages. Chemicals were obtained from Sigma Chemical Co. (St. Louis, Mo.).
Bacteriophage isolation procedures. Bacteriophages were isolated by an enrichment procedure in which environmental water samples were amended with an equal volume of growth medium containing a 1:100 (vol/vol) dilution of an overnight culture of one or two bacterial host species. When enrichments were performed with the simultaneous addition of two bacterial host species, the bacteriophages obtained are indicated in Table 1 as having multiple isolation hosts. Enrichment cultures were incubated overnight, whereupon the samples were treated with a 1/20 volume of chloroform and centrifuged to eliminate all viable bacterial cells. Bacteriophages were detected by a plaque assay with lawns of the original bacterial host(s). The plaques were then screened for the ability to lyse both originally added indicator hosts. Those observed to cause the lysis of both hosts were used in additional experiments.
Plaque assay and bacteriophage purification procedures. Bacteriophage lysates were produced by a modification of the just-confluent-lysis protocol of Arber et al. (1) . Appropriately diluted samples containing bacteriophages were mixed with 0.1 ml of overnight bacterial host culture and plated on 2.5 ml of top agar. Bacteriophage preparations were quantified by plating appropriately diluted samples on lawns of bacterial cells (19) . All bacteriophages used in this study, including the S. natans bacteriophages, were purified by performing a minimum of three rounds of single-plaque isolation by a modification of the protocols of Arber et al. (1) . Well-isolated plaques were cut from agar plates, placed in sterile diluent, and used to produce new bacteriophage lysates. This procedure was repeated through three cycles or until lysates produced only a single-plaque morphology.
The ability of bacteriophage SN-T to infect and lyse bacterial hosts was determined by a spot lysis assay. Lawns of potential host bacterial species were formed by plating samples of overnight cultures mixed with top agar onto appropriate agar plates. After the top agar solidified, samples of bacteriophage lysates were dropped onto the agar and the plates were incubated overnight. Productive interaction of the bacteriophage with the host bacterium was revealed as a zone of lawn killing at the site of virus addition.
Electron microscopy of bacteriophage lysates. The morphology of each of the broad-host-range bacteriophages was examined by electron microscopy. Virions produced in each pair of heterologous bacterial hosts (18 total samples) were compared to confirm that the bacteriophage morphologies were identical in the heterologous hosts. The bacteriophages were negatively stained with 4% (wt/vol) phosphotungstic acid (pH 7.2) and observed with a Philips model 201 transmission electron microscope operated at 60 kV.
EOP. Efficiency of plating (EOP) was quantified by calculating the ratio of the bacteriophage plaque titers obtained with the heterologous host to those obtained with the homologous host, i.e., the same species of bacterium as that used to produce the bacteriophage lysate. Data (see Table 3 ) are the means of three independent experiments.
Restriction endonuclease digestion of DNA. DNA was isolated from three bacteriophages, SN-1, SN-2, and SN-X, by a modification of the protocol of Thomas and Abelson (34) . DNA samples were restricted with type II endonucleases (4) obtained from GibcoBRL Life Technologies (Gaithersburg, Md.) and with the reaction conditions and buffers recommended by the manufacturer. SN-2 DNA was digested with BamHI, EcoRI, HindIII, and HpaI (4), while SN-1 and SN-X DNAs were digested with BamHI, BglII, DraI, EcoRI, EcoRI* activity, HindII, HinfI, and HpaII (4). Restriction digests were analyzed by agarose gel electrophoresis (30) .
Transduction protocol. The ability of bacteriophages to act as generalized transducing viruses was determined by quantifying phenotypic reversion of P. aeruginosa PAO303 arginine auxotrophy after bacteriophage infection. Infected P. aeruginosa PAO303 cells were plated on pseudomonas minimal medium (23) containing 0.4% glucose and incubated at 37°C for 3 to 4 days. Under these conditions, only clones that have received DNA via transduction from an Arg ϩ donor or revertants of the Arg Ϫ phenotype will grow to form detectable colonies. Uninfected-cell control experiments were conducted in parallel for each transduction experiment. Under the conditions used, the rate of reversion to arginine prototrophy for P. aeruginosa PAO303 was observed to be approximately 10
Ϫ8
. Experiments were considered positive for transduction only if the infected plates produced a minimum of 10-fold more colonies than the uninfected control plates, i.e., a frequency of Arg ϩ colonies of 10 Ϫ7 or higher. Transduction frequency was calculated as the number of Arg ϩ colonies obtained per input PFU. P. aeruginosa PAO303 was infected at bacteriophage multiplicities ranging from 10 to 0.01 in order to maximize the probability of detecting transduction. Results presented are the averages of two or three transduction experiments.
RESULTS

Isolation of bacteriophages capable of intergeneric replication. Reexamination of four independently isolated S. natans
bacteriophages, SN-1, SN-2, SN-T, and SN-X, isolated from sewage treatment plant samples (39) revealed that all four viruses could produce plaques on both the original S. natans host and the heterologous hosts P. aeruginosa PAO1, PAO303, and OT684 (Table 2) . Similarly, we found that bacteriophages active against P. aeruginosa PAO303 (D3 and F116) productively interacted with S. natans ATCC 13338 as well as with the bacterial species serving as the original isolation host.
Isolation of bacteriophages by use of samples amended with two bacterial hosts. Using a different approach to bacteriophage isolation, we performed enrichments in which two bacterial host species were present. With this procedure, two bacteriophages, BHR1 and BHR2, capable of lysing both P. aeruginosa PAO303 and E. coli AB1157 as well as three bacteriophages lytic for both S. natans ATCC 13338 and E. coli AB1157, BHR3, BHR4, and BHR5, were obtained (Table 2) . Thus, of six plaque-purified viruses obtained by two-host enrichment, five could produce plaques on both hosts. However, not all of the multiple-host enrichments yielded bacteriophages active on both host species. Multiple-host enrichments that included the gram-positive bacterium Staphylococcus aureus along with either E. coli or P. aeruginosa yielded bacteriophages which were only able to form plaques on E. coli or P. aeruginosa; no bacteriophages were capable of lysing S. aureus as well as E. coli or P. aeruginosa.
Examination of bacteriophage morphological homogeneity. In order to confirm that the same bacteriophage was actually obtained from both heterologous hosts and to rule out the presence of contaminating bacteriophages in virus preparations that exhibited broad-host-range activity, each of the SN series and BHR series lysates (Table 2 ) was examined by electron microscopy. In every case, the virions obtained from the homologous and alternate hosts were found to be morphologically indistinguishable. In addition, the virion morphology of all of the SN series bacteriophage lysates was identical to that of the prototypical SN-1 virion originally described by Winston and Thompson (39) . EOP. The bacteriophages listed in Table 1 fell into two categories with respect to EOPs on their alternate hosts ( Table  3 ). All of the bacteriophages originally isolated from E. coli or P. aeruginosa showed a classic response to heterologous restriction systems in that their EOPs on the alternate hosts were 10 5 -to 10 9 -fold lower than those on the host species originally used to produce the lysates (Table 3 ). In contrast, for the four bacteriophages isolated from S. natans, the EOPs were relatively unchanged on the alternate hosts. Indeed, in all cases the phages originally isolated from S. natans had a 2-to 35-fold higher EOP on P. aeruginosa than on S. natans (Table 3) .
S. natans bacteriophages are insensitive to restriction endonuclease digestion. In order for a bacteriophage to replicate in heterologous bacterial hosts, it must be able to evade or inactivate a wide variety of restriction-modification systems. Accordingly, purified DNA from phages SN-1, SN-2, and SN-X (4) was tested for sensitivity to cleavage by several type II endonucleases. The three DNA preparations were completely resistant to all restriction endonucleases tested, as judged by agarose gel electrophoresis. Each of the enzymes used produced fragments of the predicted sizes when mixed with phage lambda DNA and, for SN-1 DNA, the restriction enzymes to which SN-1 was insensitive were each able to cleave lambda DNA in the presence of an equal amount of SN-1 DNA. In addition, the S. natans bacteriophages seemed unaffected by the activity of heterologous host type I restriction systems, since the plaque-forming ability of these bacteriophages was not changed by infection of a restrictionless derivative of P. aeruginosa OT684 (Table 2) or by infection of P. aeruginosa cells incubated at 43°C (data not shown). Growth at 43°C inactivates restriction in this species (28) .
Generalized transduction competence of bacteriophages. The ability of selected bacteriophages to transduce host chromosome DNA was determined by quantifying the reversion of P. aeruginosa PAO303 arginine auxotrophy after infection with bacteriophages. The bacteriophage lysates used were produced on the prototroph P. aeruginosa PAO1. Bacteriophage SN-T produced transductants at a frequency of 3 ϫ 10 Ϫ9 per input PFU, while bacteriophage SN-1 produced transductants at a frequency of 1.5 ϫ 10 Ϫ10 per input PFU. Both of these viruses can mediate generalized transduction. Uninfected-cell controls were used in parallel for each transduction experiment. Experiments were considered positive for transduction only if the increase in the number of Arg ϩ colonies over the number obtained with the uninfected-cell control was 10-fold or greater. Transductants were not detected (Ͻ1 transduced colony/10 11 infecting PFU, i.e., no increase in the number of Arg ϩ colonies above the spontaneous reversion rate) in experiments with bacteriophages BHR1 and BHR2. Examination of the host range of S. natans bacteriophage SN-T. The observations that S. natans bacteriophages possess a striking capacity to infect and lyse multiple bacterial hosts and that bacteriophage SN-T acts as a generalized transducing virus led to additional experiments to determine the lytic potential of bacteriophage SN-T for other bacterial hosts. The ability of bacteriophage SN-T to infect and lyse a range of bacterial species was assessed with a spot titration assay ( Table  4) . As judged by this assay, the lytic range of bacteriophage SN-T was quite extensive and included Pseudomonas fluorescens, Shigella flexneri, Proteus vulgaris, and Rhodospirillum rubrum ( Table 4) . None of the gram-positive bacteria tested was sensitive to phage SN-T.
DISCUSSION
The major theme of this paper is that broad-host-range bacteriophages are more common than had been thought previously. For two bacteriophage collections, 9 of the 10 total isolated phages were found to have a broad host range. This number includes all four of the SN series phages isolated from sewage with S. natans hosts (Table 1 ) and the five BHR series phages identified from the six total phages isolated by the multiple-host procedure. These nine broad-host-range bacteriophages fell into two distinct groups based on their method of isolation and response to restriction enzymes ( Table 3 ). The first group included the four bacteriophages active against S. natans, i.e., SN-1, SN-2, SN-T, and SN-X. They were isolated from sewage treatment plant samples by the standard singlehost bacteriophage enrichment procedure, and analysis of their DNAs showed that they were insensitive to restriction by all type II restriction endonucleases tested. The most likely explanation for this general insensitivity is a modification of the viral DNA that makes it refractory to endonuclease cleavage, rather than a unique and general inhibition of restriction endonuclease activity, as has been observed for other bacteriophages (21) . This idea is supported by the fact that SN-1 DNA did not prevent the cleavage of bacteriophage lambda DNA by any of the restriction enzymes tested. Winston and Thompson (39) demonstrated that SN-1 DNA contained a modified guanosine which comprised ca. 35% of its guanosine residues, while SN-2 DNA is also known to contain two unidentified modified bases VOL. 64, 1998 BROAD-HOST-RANGE BACTERIOPHAGES (38) . DNAs from bacteriophages SN-T and SN-X have not yet been studied in this regard. Unlike that with other, previously described broad-hostrange bacteriophages (24) , infection with the broad-host-range bacteriophages characterized in this study is not dependent on the presence of a specific plasmid. S. natans ATCC 13338 has been screened for the presence of plasmids by several methods (38) . These experiments failed to reveal the presence of plasmids in S. natans ATCC 13338 but did allow for the detection of plasmid RP1, introduced into this strain by conjugation (38) . In addition, experiments with P. aeruginosa PAO303 and E. coli AB1157 failed to reveal the presence of plasmids in these hosts as well (19a) .
The second group of broad-host-range bacteriophages was obtained by a two-host isolation method. This alternative method included in the sample amendments two distinct potential bacterial host species in high numbers and then ascertained the ability of isolated viruses to infect alternate hosts before the lysates had undergone repeated passages on a single host species. This approach was used to isolate bacteriophages BHR1, BHR2, BHR3, BHR4, and BHR5 (Table 1) . These bacteriophages, however, did not share the trait of being insensitive to restriction, and they showed greatly reduced titers (10 5 -to 10 9 -fold lower) when plated on the alternate host species. These experiments revealed that viruses capable of interactions with several heterologous hosts are readily isolated from natural microbial communities and suggest that standard methods for virus enrichment may favor bacteriophages possessing a more limited host range.
The rationale for our use of a two-host enrichment system was as follows. The standard method of bacteriophage enrichment is to amend environmental samples with nutrients and high numbers of a single bacterial host. After overnight incubation, bacteriophages are detected by a plaque assay with lawns of the same, originally added host cells (2) . This was the approach taken to isolate the SN series viruses with S. natans. The host range of bacteriophages obtained by such a method is subsequently assessed by screening their lytic activity for additional bacterial host species. Thus, even though the isolation initially might select for all bacteriophages capable of interaction with a host, continued rounds of phage growth on the same host ultimately result in the unintentional selection of virions capable of the most avid adsorption to host cells, resulting in phage lysates that have become more specific for the host. If true, this scenario suggests that standard bacteriophage enrichments are unavoidably biased against the development of viruses with a broad host range, and this bias may partially explain the general view that bacteriophages are restricted in their interactive range (16) . We examined bacteriophage collections obtained from a range of geographically dispersed and diverse habitats over a very long time scale. In this limited pool, 9 of 10 total viruses isolated were capable of broad-host-range interactions. Our experiments support the hypothesis that bacteriophages with a broad host range, as judged by plaque-forming ability, are frequently and readily isolated from complex natural microbial communities. This prevalence has profound ecological significance, especially with regard to natural mechanisms for gene transfer. Numerous studies have revealed the presence of large numbers of virus particles in aquatic and other ecosystems (3, 9, 15, 22, 26, 35) , and the existence of broad-host-range bacteriophages may partially explain these observations. It is certain that many natural microbial communities will contain complex and rich assemblages of many bacterial species existing in close proximity (25) . For such communities, it has been suggested (i) that virus replication would be most effective in ecosystems characterized by a low overall prey diversity (25) and (ii) that dominant community members attaining a high population density would be constantly eliminated by virusmediated lysis (33) . If these ideas are correct, their combined action suggests that for bacteriophages with a relaxed host receptor specificity, selection would allow for productive interaction with several prey species, i.e., a broad host range. The potential to infect a variety of alternate bacterial host species would maximize opportunities for effective viral reproduction in complex natural communities and biofilms, since bacteriophages able to capitalize on a wider variety of potential hosts would be more likely to encounter suitable prey and replicate under the conditions prevalent in situ.
Broad-host-range bacteriophages may also promote genetic diversity and genetic exchange in microbial communities. Two of the phages that we examined, SN-1 and SN-T, are capable of generalized transduction and thus may contribute to gene exchange between diverse host species. The potential for interspecific gene transfer has been noted by other investigators to depend more on ecological proximity than on evolutionary relatedness (27) . The concept of ecological proximity (27) has been used to explain the observed bacteriophage P1-mediated transduction of genes between E. coli and mycobacteria (17) .
To date, a very small pool of transducing bacteriophages has been intensively examined with regard to their host range. Intrageneric bacteriophage-host interactions have been observed, and several transducing bacteriophages producing plaques on species of the same genus have been characterized (6, 11, 18, 29) . While intrageneric infection and transduction have been observed, true intergeneric infection by and replication of bacteriophages are much less frequently reported (17, 40) . Experiments with bacteriophage P1 containing a transposable element encoding a selectable antibiotic resistance have shown that high-titer lysates include mutant virion forms that adsorb to and inject their DNA into a large array of bacterial hosts (10) . The ability of P1 to interact with heterologous hosts was revealed by the growth of P1-infected cells on antibiotic-containing medium; however, whether the P1 mutants actually replicated in these hosts or the precise frequency with which mutants having an altered host specificity were present in P1 lysates was not determined (10) . Clearly, while the host range of phage P1 may be described as extensive (40) , productive P1 infection is limited primarily to members of the family Enterobacteriaceae. In contrast, our results suggest that broad-host-range bacteriophages capable of true intergeneric infection are widely distributed.
One of the bacteriophages examined in this study, SN-T, is a generalized transducing virus and was demonstrated to be clearly capable of productive interactions with a wide variety of bacterial hosts. S. natans is widely distributed and commonly isolated from streams, sewage treatment plants, waste streams of potato plants and paper mills, compost piles, and cooling tower water supplies (7) . This wide distribution suggests that S. natans bacteriophages, including generalized transducing varieties possessing very broad host ranges, exist in those sites as well. Some of these sites probably include additional bacterial species with antibiotic resistance genes. This juxtaposition creates the potential for the dissemination of these antibiotic resistance genes through the microbial community by broadhost-range transducing bacteriophages. Few studies have been undertaken to quantify transducing bacteriophages in environments of any kind (31) , and no data exist to enable meaningful estimates of the general prevalence of broad-host-range bacteriophages in nature and their capacity to influence host ecology. The lack of information regarding broad-host-range transducing bacteriophages complicates the risk assessment for recombinant DNA release associated with human modification of plants, animals, or microbes. The results of our study suggest that bacteriophages possessing a broad host range are prevalent and can be readily isolated from many ecosystems.
